The t(4;14) translocation in multiple myeloma (MM) simultaneously dysregulates two apparent oncogenes: fibroblast growth factor receptor 3 (FGFR3) controlled by the 3 0 immunoglobulin heavy chain enhancer on der (14) and MMSET controlled by the intronic El enhancer on der(4). Although all MM tumors and cell lines with a t(4;14) translocation have dysregulated MMSET, about 25% do not express FGFR3. Therefore, the function of dysregulated wild-type (WT) FGFR3 in the pathogenesis of MM remains unclear. We developed a murine transgenic (TG) model in which WT FGFR3 is overexpressed in B lymphoid cells. Although high levels of FGFR3 resulted in lymphoid hyperplasia in about one-third of older mice, no increase in tumorigenesis was observed. However, double TG FGFR3/Myc mice develop mature B lymphoma tumors that occur with a higher penetrance and shorter latency than in single TG Myc mice (P = 0.006). We conclude that expression of high levels of WT FGFR3 can be oncogenic and cooperate with MYC to generate B lymphoid tumors. This suggests that dysregulated FGFR3 expression is likely to be essential at least for the early stages of pathogenesis of MM tumors that have a t(4;14) translocation.
Introduction
Multiple myeloma (MM), a mostly incurable neoplasm of terminally differentiated B cells, is the second most common hematologic malignancy, with nearly 20 000 new diagnoses made annually in the United States. 1 Translocation of oncogenes into the immunoglobulin heavy chain (IgH) locus at 14q32 seems to be an initiating event in about 40% of MM tumors. [2] [3] [4] Among the various molecular subtypes of MM, the prognosis of the t(4,14)-positive subset is particularly unfavorable. [5] [6] [7] This translocation results in the simultaneous ectopic expression of fibroblast growth factor receptor 3 (FGFR3), encoded by FGFR3, and MMSET, a SET domain-containing protein encoded by MMSET (now officially renamed WHSCI).
FGFR3 is one of the four high-affinity receptors for a large family of fibroblast growth factors. All FGF receptors share the same general structure in being comprised of three distinct domains: an extracellular domain, a transmembrane domain, and a tyrosine kinase domain. The extracellular domain contains the ligand-binding site and is characterized by two or three Ig-like motifs (IgD1-3). In addition, FGFR1, -2, and -3 have two major alternatively spliced isoforms, IIIb and IIIc. The IIIb isoform is expressed in epithelial cells, whereas the IIIc isoform is present in mesenchymal cells. 9, 10 Engagement of FGFR3 by ligand in concert with heparin sulfate proteoglycan results in dimerization and autophosphorylation at specific tyrosine residues. This initiates recruitment of adaptor proteins with subsequent activation of multiple signaling cascades, including the ERK/MAPK, PLCg/PKC, PI3K, and STAT pathways. [11] [12] [13] Consequently, FGFR3 and its ligand regulate many cellular processes, including proliferation, differentiation, and survival in a specific cell context-dependent manner.
Germline mutations of FGFR3 result in constitutive activation of the receptor in the absence of ligand. Aberrant signaling is associated with a broad spectrum of human skeletal dysplasias ranging from hypochronroplasia to achondroplasia to the more severe thanatophoric dysplasia, depending on the location of the mutation and the degree of receptor activation. 14 The same mutations also have been identified in some MM cell lines and primary MM tumors that have t(4;14) translocations. [15] [16] [17] Earlier studies showed that FGFR3 with activating mutations transforms fibroblasts in vitro, and hematopoietic cells in bone marrow transplantation models in vivo. 18 Furthermore, expression of FGFR3 is dysregulated not only in MM, but also in other hematological malignancies, including some acute myeloid leukemia, B-cell and T-cell non-Hodgkin lymphomas, and some Hodgkin lymphoma. 19 It also is dysregulated in a variety of solid tumors, such as glioblastoma and carcinomas of the bladder, prostate, and breast. [20] [21] [22] However, although the effects downstream from mutations of FGFR3 have been extensively studied, little is known about the effect of ectopic expression of wild-type (WT) FGFR3 in vivo, and specifically in MM.
The manner in which FGFR3 might be involved in the initiation of MM cases bearing the t(4,14) translocation is controversial. As B25% of t(4;14)-positive tumors do not express FGFR3, some have hypothesized that FGFR3 may not be important in tumorigenesis. 23 Others interpret this finding to suggest that dysregulated expression of FGFR3 is required for disease initiation, but not for progression. 24 The development of a murine model of t(4;14) MM might help to discriminate between these alternative possibilities. The need for such a model is highlighted further by proposals that FGFR3 is a candidate for targeted therapeutic intervention in MM. 25 Although several small molecule inhibitors targeting the tyrosine kinase domain of FGFR3, as well as specific short-hairpin RNAs and ribozymes, are cytotoxic for t(4;14) MM cell lines with mutated FGFR3, the function of unmutated FGFR3 in t(4;14) tumors is unclear. [26] [27] [28] [29] [30] Here, we have developed a murine model in which a WT hFGFR3 transgene is over-expressed in B lymphoid cells. Although high levels of FGFR3 result in an increased prevalence of lymphoid hyperplasia in these mice, there is not a significant increase in the incidence of tumors. However, we show that FGFR3 cooperates with MYC in double transgenic (TG) mice to cause B lymphomas that occur with a higher penetrance and shorter latency than in single TG Myc mice.
Materials and methods
Expression construct and generation of FGFR3 TG mice A 3.4 kb Hind III/XbaI fragment of WT hFGFR3 (IIIc isoform) complementary DNA (cDNA) was cloned into pBluescript KS, and the GC-rich segment of the 5 0 untranslated region of FGFR3 was replaced with a PCR fragment containing a Kozak consensus sequence and a BamHI restriction site. The modified FGFR3 fragment was subsequently cloned into the BamHI restriction site of the p1026X vector (Figure 1) . 31 The NotI linearized construct was microinjected into FVB/N zygotes. TG founders were detected by Southern blots of BamH digested tail DNA. Founders were then crossed with WT FVB/N mice to generate stable lines of heterozyous FGFR3 TG mice. All mouse studies were performed under protocols approved by the Institutional Animal Care and Use Committees of NCI and NIAID.
Generation of FGFR3/MYC double TG mice
Double TG mice were generated by breeding heterozygous FGFR3 TG mice with 129SvJ/C57BL/6 heterozyous Myc knockin mice (iMyc). 32 For survival studies, double TG (F þ /M þ ), both genotypes of single TG (F þ /M-, FÀ/M þ ), and WT (FÀ/MÀ) mice were aged until they developed tumors or showed discomfort, and then were necropsied. Statistical analysis was performed with Prism software (GraphPad Software Inc.).
Genotyping of TG mice
Genotyping of the mice was performed by PCR from tail DNA. For FGFR3 TG detection, we used primers and cycling condition as described below. Detection of the c-Myc TG was performed using the following primers: forward primer 5 0 TCA CGC AGG GCA AAA AAG C 3 0 and reverse primer 5 0 GAC GAC GAG ACC TTC ATC AAG AAC 3 0 complementary to the second and third exon, respectively.
Immunohistochemistry staining: histopathology and flow cytometric immunophenotyping
Spleen sections of TG FGFR3 and WT littermates were immunostained with a rabbit anti-hFGFR3 antibody sc-13121 (Santa Cruz Biothecnology, Santa Cruz, CA, USA). Detection of FGFR3 protein was performed according to standard procedures. Histological diagnoses were made using the criteria in the Bethesda proposals. 33, 34 Single cell suspensions prepared from bone marrow, spleen, and lymph nodes were subjected to Ficoll gradient separation to isolate mononuclear cells. Cells were stained with monoclonal antibodies specific for CD45R/B220, CD19, CD138, and CD3 (Pharmingen, BD Biosciences, San Diego, CA, USA). For each cell suspension, 10 000 events were collected with an FACScan cytometer (Cytek, CA, USA) and analyzed using Cell-Quest software.
Immunoprecipitation and immunoblot analysis
Plasma cells were induced in vitro by stimulating spleen cells with 30 mg/ml LPS for 5 days. Immunoprecipitates, obtained as elsewhere described, 27 were fractionated by 7.5% SDS-PAGE and transferred to a Potran nitrocellulose membrane (Schleicher Figure 1 Expression of hFGFR3 in TG mice. (a) Schematic diagram of p1026X-hFGFR3 TG vector. The vector includes a 9.7 kb NotI fragment that contains 3.2 kb of Lck proximal promoter sequences (thick line), a 1 kb Em enhancer fragment (red box) inserted into these sequences, a 3.4 kb human FGFR3 cDNA (green box is coding) cloned into a BamHI site located 37 bp from the lck promoter, and a 2.1 kb human growth hormone (hGH) genomic fragment with five exons (boxes), and a polyadenylation site. FGFR3 and the fourth exon of hGH contain stop codons, as indicated by the asterisks. The spliced hFGFR3-hGH transcript is 4.4 kb. (b) Immunoblot of hFGFR3 in plasma cells. Plasma cells were generated in vitro by 5 days LPS stimulation of spleen cells from four independent F1 TG mice (founders H1, D3, A5, K1) and a non-TG littermate (WT). Proteins from total cell lysates were immunoprecipitated with a polyclonal anti-hFGFR3, fractionated by electrophoresis on a 7.5% polyacrylamide gel in SDS, transferred to nitrocellulose filters, and reacted with a monoclonal anti-hFGFR3 antibody. H929 MM cell line expresses FGFR3 as a result of a t(4;14) translocation. The FGFR3 doublet, which is present in the H929 myeloma cell line and TG splenocytes, probably reflects differential glycosylation as described for other tyrosine kinase receptors. 26 (c-f) Expression of hFGFR3 in spleen cells by immunohistochemistry. Sections of normal spleens from hFGFR3 TG mice and normal littermates were immunostained with anti-hFGFR3 antibody (brown) and counterstained with Meyer's hematoxylin (Ventana) (blue); hFGFR3 TG at Â 100 (c) and Â 400 magnification (d); non-TG littermate at Â 100 (e) and Â 400 magnification (f).
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A Zingone et al & Shuell, Keene, NH, USA). Membranes were probed with a monoclonal antibodies to human FGFR3 antibody (sc-B9; Santa Cruz Biotechology), and FGFR3 was detected using a horseradish peroxidase-conjugated secondary Ab using the enhanced chemiluminescence kit (GE Healthcare, Pittsburgh, PA, USA). H929 MM cell line expressing FGFR3 from t(4;14) translocations was used as control.
RT-PCR analysis
Total RNA from tumor tissues was isolated using TRIZOL (Invitrogen, CA, USA). cDNA was synthesized using Superscript II (Invitrogen). FGFR3 transcripts from the TG were detected by PCR using a reverse primer (5 0 -AGC TGG TGC AGA CGA TGG GCG CGG AGC-3 0 ) complementary to the second exon of human growth factor genomic sequence and a forward primer in the 3 0 untranslated region of hFGFR3 IIIc (5 0 -TTG TTC CCA CAC CCC AAC ACT TCC-3 0 ).
qRT-PCR
First-strand cDNA synthesis from total RNA was performed by using High Capacity cDNA RT kit (Applied Biosystems, Foster City, CA, USA). TaqMan probes Hs00231528_m1 USF2, Hs00997397_m1 FGFR3, Mm01152664_m1 USF2, and the TaqMan Fast Universal PCR Master Mix Reagents kit (Applied Biosystems) were used for experiments. The comparative C T method (DDC T ) was used for relative quantification of gene expression.
Southern blot analysis of tumor samples for detection of clonotypic VDJ rearrangement
Genomic DNA obtained from tumor tissues was digested with EcoRI for analyses of IgH gene organization, and EcoRI plus BamHI for analysis of Igk light chain organization, fractionated by electrophoresis on 0.7% agarose gels, transferred onto a nylon filter, and hybridized to a [ 32 P] dCTP-labeled 1.2-kb HindII/EcoRI IgH probe spanning JH3 and Em or a 1.1 Kb Ck probe as described earlier. 32 
Generation and culture of tumor cell lines
Tumors cells were obtained from bone marrow by flushing both femurs with PBS, and by mechanical disruption of spleens and lymph nodes. Red cells were removed by Ficoll gradient separation. Cells were then plated at a cell density of 5 Â 10 5 cells/ml in RPMI medium supplemented with 10% fetal bovine serum, 100 mg/ml penicillin, 100 mg/ml streptomycin (Invitrogen), 30 ng/ml aFGF (R&D Systems, MN, USA), and 100 mg/ml heparin (Sigma, MO, USA). Established cell lines were maintained in culture in the presence and absence of ligand.
Detection of FGFR3 mutations
The FGFR3 tyrosine kinase domain was amplified by PCR using primers and cycling conditions described elsewhere, 15 and then directly sequenced.
Microarray analyses
Amplified RNAs from six tumors of F þ /M þ mice, seven tumors of FÀ/M þ mice, and reference RNA (Universal Mouse Reference RNA, Stratagene, Cedar Creek, TX, USA) were labeled, respectively, with Cy3 and Cy5 (Quick-Amp labeling kit, Agilent Technologies, Santa Clara, CA, USA). Hybridizations were performed using a mouse NIAID array comprising B36 000 genes. Image analysis and normalization were performed using Feature Extraction Software (Agilent Technologies). Differentially expressed genes in tumors of F þ /M þ mice compared with tumors of FÀ/M þ mice and cell lines were identified with SAM. 35 Subsequently, hierarchical clustering was applied with Genesis. 36 Myc expression levels were obtained from 559 nearly diagnosed, untreated tumors (GSE 2658) plus 22 healthy plasma cells and 44 MGUS (GSE 5900).
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Results
TG murine model recapitulates overexpression of FGFR3 present in human MM cell lines
We cloned hFGFR3 cDNA into the p1026X vector containing a Lck promoter, the Em intronic enhancer and the human growth hormone gene (Figure 1 ), as this vector had been used by others to achieve high-level expression of a TG in B and T lymphocytes. 39, 40 We obtained six founder mice on the FVB/N background, which were bred with WT mice from the same strain to obtain F1 heterozygous FGFR3 TG mice. Spleen cells from F1 progeny mice were stimulated in vitro with LPS to drive plasma cell differentiation and total cell extracts were examined for levels of FGFR3 by RT-PCR (data not shown) and by immunoblotting (Figure 1b) . The results showed that the levels of WT FGFR3 expression in activated splenic B cells from four different TG mice (founders H1, D3, A5, and K1) were comparable with the levels expressed by the H929 HMCL, which has a t(4;14) translocation with upregulation of WT FGFR3 transcripts, whereas the extracts from the spleen of a WT mouse was completely negative. To further examine the levels of FGFR3 expression in TG mice, we performed IHC analysis of spleen sections from WT and TG mice using a monoclonal antibodies specific for human FGFR3. The receptor was highly expressed in spleens of mice bearing the TG (Figures 1c and d) , whereas no staining for human FGFR3 was detected in the spleens of WT mice (Figures 1e and f) .
FGFR3 accelerates tumorigenesis in the iMYC mouse model of B-cell malignancies
The MYC oncogene is dysregulated in a variety of human hematological diseases, including lymphomas, plasmacytomas, and MM. Recently, Park et al.
32 developed a mouse model of MYC-driven B-cell malignancies by replicating the structure of the t(8;14) translocations associated with endemic human Burkitt lymphoma and some mouse plasmacytomas. This was performed by inserting a mouse Myc cDNA containing a histidine tag into the Igh locus upstream of the intronic Em enhancer, yielding iMyc Em mice exhibiting constitutive expression of the knock-in Myc TG. In earlier studies, these mice were shown to develop a spectrum of B-cell malignancies, including diffuse high-grade lymphomas, diffuse large B-cell lymphomas, and plasmacytomas. 32, 41 Most of these mice died between 6 and 21 months of age. 32 Given the long latencies for tumor development in iMyc Em mice, we hypothesized that they could provide a novel platform to evaluate the potential for complementary genetic events to accelerate disease. To test this concept, we crossed FGFR3 TG lines D3 and A5, with the highest transgene expression, and iMyc A log-rank test showed that the difference between the FÀ/M þ and F þ M þ survival curves was statistically significant (P ¼ 0.006). We obtained similar results in studies of both FGFR3 TG mouse lines (data not shown). These data indicate that WT FGFR3 can accelerate tumorigenesis and, therefore, has oncogenic activity.
Tumors of FGFR3/iMyc Em mice are mature B-cell lymphomas
Analyses of histologic sections from most tumors of both F þ /M þ and FÀ/M þ mice stained with hematoxylin and eosin were consistent with the diagnosis of diffuse high-grade blastic B-cell lymphoma, 34 a category that had earlier been misclassified as Burkitt-like lymphoma. 33, 42 Two of the F þ /M þ tumors were readily classified as more mature immunoblastic diffuse large B-cell lymphomas with one showing plasmacytoid differentiation as seen in B25% of the FÀ/M þ cases. In contrast, the original iMyc mice in a 129SvJ/C57BL/6 background develop both B-cell lymphomas (50%) and plasmacytomas (B20%). In keeping with the histologic findings, flow cytometric analysis of the F þ /M þ and FÀ/M þ tumors showed them to be uniformly CD3 À B220 þ CD19 þ , with some of the tumors also expressing moderate levels of CD138 in a fraction (up to 40%) of cells (data not shown). To further confirm the B-cell origin of these tumors and to study their clonality, we performed Southern blot analysis of DNA prepared from the tumors using probes specific for the Igh locus and the Igk locus ( Figure 3 ). All tumors showed VDJ and/or VKJK rearrangement, with one or two major rearranged fragments in each case. We did not detect significant oligoclonality in any tumor even with tumor samples taken from several different locations in the same mouse, including lymph nodes, spleen, and bone marrow (data not shown). Taken together, the histologic, flow cytometric, and clonality analyses of the F þ /M þ tumors indicated that they were clonal mature B-cell lineage lymphoma that generally had features somewhat less mature than those from FÀ/M þ mice.
FGFR3/iMyc B lymphomas express high levels of unmutated hFGFR3
To assess the level of TG expression in the tumors from F þ /M þ mice, we developed a semi-quantitative RT-PCR using a reverse primer specific for the hGH that allowed us to discriminate the exogenously expressed FGFR3. Our results indicated that the hFGFR3 was expressed at high levels in most tumor cells (Figure 4a ). We also assessed hFGFR3 transcript levels by realtime RT-PCR for some tumors and, in three cases, cell lines derived from them (Figures 4b and c) . The results confirmed that the F þ M þ tumors express variable but high levels of hFGFR3 that generally are as high or higher than for the H929 HMCL that has a t(4;14) translocation. Sequencing of the tyrosine kinase domain of FGFR3 in these tumors did not detect any of the most frequent mutations observed in other malignancies. 14, 15 These data further support the hypothesis that overexpression of WT FGFR3 contributes to tumorigenesis in mature B-cell malignancies.
FGFR3 enhances the generation of in vitro tumor cell lines
We next attempted to generate cell lines from F þ /M þ and FÀ/M þ tumors cultured in vitro. Although cell lines were readily generated from 7 of 10 (70%) tumors derived from 
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A Zingone et al F þ /M þ mice, only two were generated from 12 tumors (17%) from FÀ/M þ mice. FGF-1 was added to the growth medium initially used to culture the F þ M þ tumors, but subsequently, the lines were easily propagated in the presence or absence of the factor. For all F þ M þ tumor cell lines, the inclusion of FGF-1 had no obvious effect on growth rate. RT-PCR analysis showed continued expression of the hFGFR3 construct in all of these cell lines, although usually at substantially lower levels than in the primary tumors from which they were derived (Figure 4c ). For three F þ M þ cell lines grown with or without FGF-1, the levels of hFGFR3 expression were determined by qRT-PCR. In two of the three cell lines, the level of hFGFR3 RNA was substantially higher for the cultures grown with FGF-1 (Figure 4c ), suggesting that the presence of FGF-1 provides at least some selection for cells expressing FGFR3. Although the immunophenotypes of the F þ M þ tumor-derived cell lines were similar to the primary tumors (CD3-B220 þ CD19 þ ), they differed from the tumors in that all of the cells expressed high levels of CD138 (data not shown).
F þ /M þ tumors are transplantable
We injected 10 6 cells from two different tumor-derived cell lines, 228 and 229, subcutaneously in FÀ/MÀ WT mice. After 2 weeks, the recipient mice developed large subcutaneous tumors that later spread to the lymph nodes. Flow cytometric analyses showed that transplanted tumors maintained the same phenotype as the cell lines (data not shown).
Gene expression profiling
We next compared the gene expression profiles of six primary tumors of F þ /M þ mice with those of seven primary tumors of FÀ/M þ mice. Two-dimensional hierarchical clustering showed that the subsets of primary tumors grouped tightly in distinct clusters, indicating that they are significantly different from each other ( Figure 5 ). Among 201 genes differently expressed between lymphomas of F þ /M þ and FÀ/M þ mice, only 16 were upregulated in F þ /M þ tumors, with FGFR3 as the third most elevated gene.
Expression profiles indicate that F þ /M þ tumors mice are less differentiated than FÀ/M þ tumors As noted above, histologic studies suggested that the tumors of F þ /M þ mice were less mature than those from FÀ/M þ mice. To determine whether this conclusion is confirmed by gene expression, we correlated the gene expression patterns of the two tumor subsets to two master regulators of B-cell lineage differentiation: Pax5 for B cells and Prdm1 for plasma cells. The results of these studies (Table 1) showed that Pax5 was expressed at higher levels and Prdm1 at lower levels in the tumors from F þ /M þ mice than those of FÀ/M þ mice. In keeping with this observation, there was generally increased expression of genes that are activated by Pax5. We conclude 
sion, the tumors of the double TG mice have a somewhat less mature B-cell phenotype than the tumors of iMyc-only mice.
Discussion
The t(4;14) translocation, which is found in B15% of MM tumors and 30% of HMCL, is the first example of a primary IgH translocation that results in the simultaneous dysregulated expression of two potential oncogenes. 8 Ectopic, high expression of FGFR3, which is not expressed in normal B cells or plasma cells, is driven by the 3 0 IgH regulatory sequences on the der(14) chromosome. The marked increase of MMSET expression compared with normal B cells or plasma cells is driven by the intronic Em enhancer on the der(4)chromosome. The function of these two oncogenes in the transformation process is not well understood. The dysregulation of MMSET seems to be required at all stages of tumor development and progression as all MM tumors and HMCL with t(4;14) retain the der(4) chromosome and express high levels of MMSET. In contrast, B25% of MM tumors and HMCL with t(4;14) do not express high levels of FGFR3, mostly because the der(14) chromosome is absent, but sometimes because FGFR3 is deleted or epigenetically silenced. 23, 24 FGFR3 mutations that cause constitutive activation of FGFR3 in patients with achondroplasia and thanataphoric dysplasia have been identified in about 5% of MM tumors and 20% of HMCL that have a t(4;14) and express FGFR3. 15, 16 Small molecule tyrosine kinase inhibitors targeting FGFR3, as well as short-hairpin RNA and ribozymes that target FGFR3, inhibit proliferation and increase apoptosis of t(4;14) HMCL that express FGFR3 with a kinase-activating mutation. However, these agents do not inhibit in vitro growth of t(4;14) HMCL that express WT FGFR3, even though they can inhibit the enhanced growth that results from addition of exogenous FGF. [26] [27] [28] [29] The effect of tyrosine kinase inhibitors on intramedullary MM tumors in vivo has not been fully investigated. In one study, however, treatment of primary cultures of cells from t(4;14) MM with the multi-targeted inhibitor of receptor tyrosine kinases, CHIR-258, induced increased apoptosis in four of five tumors that expressed FGFR3, but had no effect on five tumors that were FGFR3 negative. 28 
Figure 5
Expression profiling by microarrays of FGFR3 þ iMyc TG mice and iMyc TG mice. Two-dimensional hierarchical clustering of gene expression profiles, using distance matrix of Pearson's correlation, for lymphomas from F þ /M þ mice (labeled FM with case number) and FÀ/M þ mice (labeled M plus case number). Scale bar shown at the top is in log2 scale. Several groups have generated monoclonal antibodies that target the kinase domain of FGFR3. These antibodies inhibit the in vitro growth of HMCL with a subset of the kinase-activating mutations, but have no effect on cells with WT FGFR3 or other activating mutations. The cytotoxic effects of these antibodies on MM tumors or cell lines in vivo or co-cultured in vitro with peripheral blood or bone marrow mononuclear cells seem to be mediated by an antibody-dependent cellular cytotoxicity immune reaction and not by inhibition of FGFR3 function. 43 It is clear that the enhanced expression of FGFR3 resulting from the t(4;14) translocation provides a target for kinaseactivating mutations that can contribute to tumor progression and can cause at least some MM tumors and HMCL to be fully dependent on the mutant gene. Although the expression of WT FGFR3 is not important in HMCL, it remains to be determined whether ectopic expression of WT FGFR3 is critical early in pathogenesis, and perhaps in most intramedullary t(4;14) cases. However, as activating K-or N-RAS mutations stimulate mostly the same pathways as FGFR3, we suspect that FGFR3 is no longer required in the 20-30% of t(4;14) MM tumors that have K-or N-RAS mutations. 15 Significantly, although K-and N-RAS mutations seem to be mutually exclusive with FGFR3 mutations, most t(4;14) MM tumors and HMCL have neither RAS nor FGFR3 mutations. Although cells in the bone marrow or spleen microenvironments express some FGFs, it is not clear if the types of FGF required to stimulate FGFR3 are present in a sufficient quantity for effective stimulation.
Others have shown that FGFR3 containing a kinase-activating mutation can transform 3T3 cells, whereas WT FGFR3 cannot. 15, 18 In addition, it has been shown that infection of murine bone marrow cells with a retroviral vector containing FGFR3/K650E resulted in a marked leukocytosis and a high frequency of pre-B-cell lymphoid, T lymphoid, or myeloid tumors within 1 month after infection. 18 In contrast, parallel experiments in a limited number of mice with a retroviral vector-containing WT FGFR3 resulted in the onset of leukocytosis consistent with acute lymphoblastic leukemia about 1 year after infection.
To validate the apparent oncogenic effect of WT FGFR3 and its cooperation with other oncogenes, we developed a TG mouse (F þ /MÀ) expressing WT hFGFR3 (isoform IIIc) under the control of the LCK promoter and Em enhancer to ensure expression in B lymphoid cells. Unlike their control littermates, about one-third of 2-year-old F þ /MÀ mice developed lymphoid hyperplasia. However, although the F þ /MÀ mice occasionally developed lymphoid tumors by 2 years of age, the incidence of lymphomas was not significantly different from control littermates. The F þ /MÀ mice were crossed with iMyc knock-in mice (FÀ/M þ ) that develop B lymphomas or plasmacytomas after a relatively long latency. The double TG mice F þ /M þ mice developed monoclonal mature B lymphomas with a shorter latency and higher incidence than FÀ/M þ mice. The absence of plasmacytoma tumors in both the F þ /M þ and FÀ/M þ mice presumably reflects a difference in genetic background from the iMyc mice. As the hFGFR3 TG had no kinase-activating mutations and was expressed at high levels in the F þ /M þ lymphomas, these results show that WT FGFR3 is weakly oncogenic and can cooperate with constitutively expressed MYC to enhance B-cell lymphomagenesis. Although MYC rearrangements resulting in enhanced expression is thought to be a late progression event in MM, it is significant that MYC expression is significantly higher in cells from MGUS compared with normal bone marrow plasma cells (P ¼ 0.003) and at even higher levels in MM tumors compared with MGUS (Po0.0001) 44 (and M Kuehl, unpublished). Therefore, the cooperation of Myc and WT FGFR3 in our lymphoma model may mimic the cooperation that might occur in the early stages of MM with t(4;14). Similar to human MM, the F þ /M þ B lymphomas often yielded cell lines that express lower levels of FGFR3 than the corresponding tumor. It thus seems that both the mouse B lymphoma cell lines and human MM cell lines usually do not require FGFR3 for survival and proliferation. As the initial site of origin of the B-cell lymphomas in the F þ /M þ mice might be bone marrow, spleen, or some other lymphoid site, we can draw no inferences about the origin of the presumptive ligands that activate the FGFR3 receptor at early stages of tumorigenesis.
In conclusion, the oncogenic effect of WT FGFR3 seems likely to be an important early contribution to the pathogenesis of t(4;14) MM. Significantly, the t(4;14) translocation is the only primary translocation in MM that exclusively targets IgH switch regions, which results in dissociation of the Em and 3 0 IgH enhancers, thereby enabling the simultaneous dysregulation of FGFR3 and MMSET. Increasing autonomy from the microenvironment is a recurrent theme of tumor progression, and may explain why FGFR3 expression often is lost as MM tumors become independent of extrinsic FGF ligands capable of activating the kinase.
